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ABSTRACT 

A series of experiments was performed with two different large 
concentric cylinder fission-electric cells in thermal neutron fluxes up 
to 10'' d c m 2  sec at the General Electric Nuclear Test Reactor. A clear- 
cut demonstration of the fission-electric cell concept was achieved. 
Fission fragment currents up to amp, which were in good 
agreement with calculated values, were observed. Magnetic field 
suppression of electron counter-currents was completely successful. 
Electrostatic grid suppression of the extraneous electrons was much 
less effective. 

The original cell configuration, in which the anode cylinder sur- 
rounded the inner cathode cylinder, achieved stable potentials of 
approximately one kilovolt. The modified configuration, in which the 
cathode with electron sweep rings surrounded the anode, reached 
potentials as great as 21 kv, but was not stable above 4 kv. 

k&.q- 

1. INTRODUCTION 

A series of experiments was performed with a large 
fission-electric cell assembly to determine the operating 
characteristics and the limitations of such devices. A 
fission-electric cell, which would serve as a fuel element 
of a novel reactor, is a device for converting the kinetic 
energy of fission fragments directly into electrical energy 
(Refs. 1-6). It consists of a cathode which is covered with 
a thin layer of fissionable material and is the source of 
the charged fragments, an anode which serves as the 
collector of the charged fission fragments, and a charge 
separation mechanism. When the cell is irradiated with 
neutrons, fissioning of the material on the cathode oc- 
curs. A fraction of the fission fragments emerges from 
the fuel layer on the cathode and can be collected on a 
suitably positioned anode. As the fragments emerge from 
the fuel surface, they are accompanied by a large num- 
ber of follow-out or 6 electrons (Ref. 7). Because the 
momentum and kinetic energy of fragments are large 

compared with those of electrons, it is possible to return 
the electrons to their origin on the cathode with either 
a magnetic field or an electrostatic grid without affect- 
ing the fragment current. 

Although fission fragments are born with large kinetic 
energy, their large mass and charge result in their having 
a short range in solid material (Ref. 8); the range of a 
fission fragment in UO, is approximately 10 mg/cm2. 
This means that the layer of fissionable material on the 
cathode must be thin. It is also necessary that the cathode 
and anode be separated by a vacuum gap. Because of 
the large ratio between the kinetic energy and the charge 
of the fission fragments, the fission-electric cell is a high- 
voltage, low-current device. 

For the device to function, it is necessary that the 
electron-suppression mechanism be capable of returning 

1 
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the follow-out electrons to the cathode against the poten- 
tial developed between the electrodes, in addition to the 
initial kinetic energy of the electrons. Initial kinetic 
energy of the follow-out electrons can be calculated from 
the mass and kinetic energy of the fission fragments. A 
mass 95 fission fragment with 100-Mev kinetic energy is 
capable of producing a 6 electron of twice the velocity 
of the fragment, or approximately 2260 ev. Maximum 
voltage capability of the device can be calculated from 
the charge and kinetic energy of the fission fragments. 
A mass 95, 100-Mev fragment has an electronic charge 
of +20 to +21 during at least the first half of its range 
(Refs. 8, 9). Open-circuit potential with adequate elec- 
tron suppression would thus be in the range of 4.7 to 
5.0 million volts. A mass 138 fragment has a kinetic 
energy of approximately 60 Mev and an average elec- 
tronic charge of +22. Because fission fragments are born 
with an isotropic distribution and a fraction of their 
energy is lost in traversing the finite layer thickness re- 
quired for an operating device, optimum efficiencies of 
a fission-electric cell device are in the range of 1.0 to 
2.0 million volts (Ref. 4). 

The experiments to be described constituted the final 
phase of an analytical and experimental fission-electric 
cell program carried out by the Jet Propulsion Laboratory 
(JPL) in the period 1960-1964. Reference 5 gives a re- 
view of the fission cell reactor concept, its potential 
advantages for large-scale space power, and a 1963 view 
of the crucial problems and experiments to investigate 
them. 

II. DESIGN 

Design of the experimental apparatus for the final 
phase of the experimental program was based on the 
data and experience accumulated in the course of earlier 
fission-electric cell capsule experiments (Refs. 5, 6). It 
was realized that a crucial question in determining the 
potential usefulness of the fission-electric principle was 
the limitation of the achievable high voltage in a cell of 
a given dimension in a radiation field. It was also neces- 
sary to eliminate the end-effects observed in the capsule 
experiments because of the short cell lengths that were 
dictated by space and handling requirements. Visual 

The JPL experimental program was carried out in 
three phases. The first, conducted in collaboration with 
G. Safonov, led to the demonstration that a potential 
could be developed by a simple fission cell configura- 
tion exposed to a neutron flux. The second phase in- 
volved immersion of prototype cells in the intense 
neutron fluxes of a reactor core for extended periods of 
time. This phase, described briefly in Ref. 5 and reported 
in detail in Ref. 6, was directed toward revealing any 
fundamental problems associated with material limita- 
tions. It culminated in the successful development of 
cells that survived intact through several per cent 
of fuel burnup and showed no important degradation of 
performance. 

The final experimental phase, reported here, was di- 
rected mainly toward the phenomena limiting the achiev- 
able voltage. As presently conceived, the fission cell, to 
have a significant efficiency, must develop a potential 
gradient comparable to the best ever achieved across a 
vacuum gap-while positioned in an intense radiation 
field. This report describes our progress toward that goal. 

The practical systems problems of a fission-electric cell 
reactor (plus radiation) employed for multi-megawatt 
space power have been treated at some length in an 
extensive analysis by D. J. Motski.' 

'This work is reported in Fluid Systems Design Concept For a 
Large Gas-Cooled Fission-Electric Cell Reactor Space Power Plant, 
Technical Memorandum No. 33-283, Jet Propulsion Laboratory, 
Pasadena, California, to he puhlished. 

CRITERIA 

inspection of the capsules after irradiation had indicated 
that a large quantity of anode material was deposited on 
i k  cathode. If this material had become ionized dur- 
iy ig  the process of moving from anode to cathode, it 
would represent a source of internal leakage current 
that would limit cell performance. Also, results of the 
capsule experiments indicated that the quality of 
the vacuum in the interspace between electrodes had 
a large effect on the voltage capability of the cap- 
sules. Residual condensable gases could be removed by 
equipping the cell with greater pumping capacity; how- 
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ever, interspace gas resulting from the accumulation of 
sputtered electrode material could be minimized only by 
reshaping electrode surfaces. 

Any attempt to reduce sputtering of fuel material from 
the cathode would also proportionately reduce the num- 
ber of fragments leaving the cathode; thus, the control 
of sputtered material would have to be attempted at the 
anode. End effects could be minimized by ensuring that 
all fragments leaving the cathode would be capable of 
reaching the anode. This could be accomplished by a 
collimator that allowed only fragments with the proper 
energy and angle to leave the cathode. 

The problem of a feed-through insulator in a radia- 
tion field could be circumvented by placing the insulator 
as far removed from the ionizing radiation as possible, 
with a vacuum lead between the fissioning and collect- 
ing region and the insulator. Because this problem was 
considered to be less important at this stage of devel- 
opment than that of the vacuum gap between the 
electrodes, the problem was eliminated from these 
experiments. 

These conditions defined the overall cell design and 
the type of reactor that could be used for irradiation of 
the cell. 

111. ORIGINAL CELL DESIGN 

A. Cathode Design 

The cathode used in the first series of tests is shown 
in Fig. 1. The basic cathode support, exclusive of base 
flange, was 28 in. long and 1.0 in. in diameter and was 
fabricated of 6061-T6 aluminum. Fuel in the form of 
fully enriched UO, was plated on six 2-in.-long spools 
that slipped over the cathode support. These spools were 
fabricated of Ti-75 titanium and had a wall thickness of 
0.015 in. and an end rib 0.062 in. thick by 0.050 in. wide. 
One of the end spools had a rib at each end, to support 

the mechanical collimator. The fueled spools can be seen 
in Fig. 1. The dark area seen through the grid and col- 
limator is the UO,. 

A total of 0.874 g of UO, was plated on the fuel 
elements; the uranium had an enrichment of 93.15% 
as U'"2 . The total plated area of the elements was 
212 cm'. This gave an average fuel element thickness 
of 4.1 mg/cm', or approximately 40% of a fragment 
range. The titanium spools were zincated before the 
uranium dioxide was plated. Zincating was accomplished 

Fig. 1. Cathode assembly of original cell 
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by first cleaning the exterior surface of the spool with 
steel wool (fine) and then dipping the spool in a solution 
of 200 cc of concentrated nitric acid and 20 cc of hydro- 
fluoric acid in enough water to make a liter. Following 
the acid dip, the spools were rinsed with distilled water 
and placed in an activator solution for a period of ap- 
proximately 30 seconds. The activator solution contained 
160 cc of concentrated phosphoric acid (H,PO,) and 100 g 
of ammonium bifluoride (NH,F* HF) in sufficient dis- 
tilled water to make one liter of solution. After activation 
and a rinse in distilled water, the spools were placed in 
the zincate solution, which was maintained at 140" F. The 
zincate solution contained 525 g of sodium hydroxide 
(NaOH) and 100 g of zinc oxide (ZnO) in sufficient water 
to make one liter of solution. Approximately 5 minutes 
was required for the zincating. The spools were rinsed 
with distilled water and methyl alcohol, and were then 
dried by heating to 150°C in vacuum. 

The uranium dioxide was plated from aqueous solu- 
tion using ammonium oxalate as the carrier and uranyl 
nitrate as the uranium source. The plating-bath tempera- 
ture was maintained at 176°F. The plating solution was 
added to the container with the electrodes and removed 
at the end of the plating process while a potential was 
applied to the electrodes. When the potential was lost at 
any time during the plating process, the deposited ura- 
nium oxide washed off of the fuel element. Concentra- 
tion of the ammonium oxalate in the plating bath was 
maintained at such a level that the electrode potential 
was 8.5 t 0.5 v and the current was 0.10 amp/cm' of 
plated surface. Submerged areas on the fuel element 
spools or rings on which fuel was not desired were 
masked with a strippable latex paint. The plating anode 
was made of platinum gauze. During the plating process, 
the uranium was added to the plating bath in the form 
of a uranyl nitrate solution. The uranium was added 
(as UO,) to the plating bath at the rate of 0.5 mg/cm2 
of plated surface at 20-min intervals. This schedule was 
maintained until the desired quantity had been added. 
Following the plating, the fuel elements were rinsed with 
methyl alcohol and then heated to 150°C in a vacuum 
for a period of one hour, to insure the removal of the 
plating salts and complete dehydration. The actual 
quantity of uranium on the elements was determined by 
weighing them before and after plating. Better adher- 
ence of the uranium dioxide to the titanium spools was 
obtained when they were zincated before the uranium 
plating. 

The mechanical collimator that covered the fueled 
area of the cathode was designed to allow the escape of 
only those fragments with proper energy and angle to be 

able to overcome a 250-kv potential between the cathode 
and anode. Openings in the mechanical collimator were 
%-in. square, and the width of the webbing was X6 in. 
The webbing was made of 0.0012-in.-thick Ti-75 tita- 
nium and was assembled by spot welding.' 

Attached to either end of the collimator were end bells 
that tapered from the outer diameter of the collimator to 
the outer diameter of the cathode support. These were 
for support of the collimator and also for shaping the 
electrostatic field between it and the grid that covers 
the assembly. 

The electrostatic grid was 1.87 in. in diameter and 
extended beyond the fueled region, so that the support 
insulators and shielding bells would be out of range of 
the emerging fragments. The grid was formed by spiral- 
ing a O.OOEi-in.-diameter titanium wire at a pitch of 
8 turns per inch. Three axial 0.020-in. titanium wires 
extending the length of the grid acted as the support. 
The spiral wires were spot-welded to the axial wires at 
every crossover. Alumina discs supported the grid from 
the cathode support. The titanium bells that covered the 
insulators were to shield them from becoming contami- 
nated with sputtered material that could cause arc-over 
when there was a potential on the grid. The grid lead 
extended through the center of the cathode support and 
terminated at the feed-through insulator on the base of 
the cathode support flange. Although the grid was some- 
times used for charge separation, its primary purpose 
was to electrostatically screen the sharp edges of the 
mechanical collimator. During most of the cell operation 
it was grounded and served as the cathode surface. 

The amplification factor of the electrostatic grid was 
estimated from the equation (Ref. 10): 

2nnr0 In (rJrO) 
IJ. = In coth 2nnR 

where 

= amplification factor, the voltage between the 
cathode and anode (per volt on the grid) at 
which electron cutoff will occur 

n = the reciprocal of the distance between the grid 

ro = radius of the grid 

ra = radius of the anode 

R = radius of the grid wire 

wires 

ZBy Kentucky Metds,  hc., Louisville, Kentucky. 
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Because of the dimensions of the cell, the planar equa- 
tion gives similar results. For the planar case, 

2Tn (r,  - r,) ’ = In coth 2anR 

Amplification factor of the grid was approximately 15. 
Before irradiation, it was possible to apply a potential 
of 10 kv to the grid without arcing or field emission. 

B. Anode Design 

The collector portion of the anode was fabricated of 
Ti-75 titanium. A shell of 0.0012-in.-thick sheet sur- 
rounded a cylinder of honeycomb material. The open- 
ings in the honeycomb material were % in. across 
flats and had a depth of 3Cs in. Thickness of the web- 
bing material was 0.0012 in. The entire assembly was 
fabricated by spot welding.’ An exterior view of the 
collector portion and the end bells (for field shaping and 
attaching to the anode lead) is shown in Fig. 2. The 
honeycomb material was used on the collecting sur€ace 
of the anode to present a series of zero-potential cavities 
in which the fragments would be intercepted, in order 
that a large fraction of the neutral surface atoms sput- 
tered by the fission fragments could be intercepted by 

the anode surface before they had a chance to reach a 
region where their becoming ionized would contribute 
to the internal leakage current of the cell. The collector 
surface was protected with a screen grid composed of 
180 0.009-in.-diameter titanium wires suspended parallel 
to the surface (Fig. 3). The inside diameter of the screen 
grid was 4.10 in., and the outside diameter of the anode 
was 4.62 in. Overall length, including the end bells, was 
32 in. 

Thin material was used for the anode so that it would 
be essentially transparent to high-energy Compton and 
beta-decay electrons. It would also be a minimal source 
of these electrons and thus would decrease the contribu- 
tion of nonfission events to cell current. 

C. Overall Cell Design 

The cell and vacuum envelope were designed so that 
the feed-through insulator would be outside the region 
of high radiation. Figure 4 shows the assembled cell 
ready for positioning in the reactor. The lower cylinder 
acted as a guard, surrounding the grid feed-through 
insulator. This cylinder, along with the grid lead from 
the power supply, could be pressurized with sulphur 
hexafluoride to reduce external leakage current in the 

Fig. 2. Collector assembly of original cell 
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Fig. 3. Interior view of collector 

grid circuit. The next section, the lower portion of 
the vacuum envelope, contained the cathode and anode 
centered in its interior. The outside diameter of the sec- 
tion wiis 6.10 in. and its wall thickness was 0.010 in. 
Total length from h e  to the ccnterlinc. of its top flange 
was 42 in. 

The section abovc, extending to the base of the large 
envelope ant1 contiiining the juncture to which thc ion 
pump w'is nttachcd, constituted the upper v;icuuIn en- 
velope. It containctl the anode lead, which extended 
from the collrctor portion of the anode to the lcad scc- 
tion in thc fec4through insulator. Outside diameter of 
the section w;is 4.25 in., and the wall thickness was 
0.125 in. Tot'il lrngth I ) c t \ \ m m  the centerline of the two 
terminal flanges \viis 38.25 in. The ion pump was con- 
nected to this section through a 90-dcg cll of Typc 304 
stninlcss steel. 

The fcctl-through insuliitor w:is located in the large 
cnvclopc~ scction. 17igure 5 is a view of thc insulator with 
terminal dome, flange covm, and corona ring in place. 
The diametcr of the anode lead within the insulator 

ut 

i b  rc / L 

Fig. 4. Assembled cell ready for positioning in reactor 

section varied as an exponential horn. It had the same 
diamctclr a s  tlic inside of the insulator at thc high-voltage 
end and tlccreased to the mode lead diamcter of 1.47 in. 
nt the base of the insulator. The insulator, which formed 
the top portion of the cell vacuum envc,lopc, had an in- 
side diameter of 4.2 in. and a wall thickncss of 0.2 in. 
The outside dimnetcr of thc, terminal dome, the flange 
covers, :incI thc coroixi rings wiis 7.87 in. Ovcrnll length 
of thc. ceramic portion of the insulator was 18 in. The 
insulating matcrial was a high alumina ccramic. Vacuum 
s c d  WM mndc to thc stainlcss stcc.1 (304) f1;ingcs ;it either 
cmd l y  lleli-arc \vclltling t o  ii Kovar mc.tal lip that was 
oven 1)rnzed to the ceramic.:' 

Thc Inrgc upper cnvelopc, surrounding thc insulator 
could I)e eitlrcr pressiirizctl or cv;icuated during opcra- 

'By Cc~;iiir;isc.;il, IIIC.., NCW Lchiron Ccmtcsr, Nrw York. 
~~ . ~. 
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P '  

i 

Fig. 5. Anode feed-through insulator 

tion. One of the large upper side arms contained the gen- 
erating voltmeter for measuring cell potential. The other 
upper side arm provided access for a lead cable for 
measuring cell currents under short-circuit conditions or 
with resistors in the circuit. The side arm could also be 
used for connection of an ion pump for evacuation of 
the envelope. Under this condition, the generating volt- 
meter was used to measure open-circuit potentials. The 
lower side arm was used for rough pumping before 
starting the ion pump. Outside diameter of the envelope 
was 18.25 in. and the wall thickness was 0.125 in. Total 
length was 36 in. 

All parts of the cell envelope, with a few exceptions, 
were made of 6061-T6 aluminum. The exceptions were 
(1) the flanges on the insulators, the ell and its flanges, 
and the ion pump, ndiicli were made of 304 stainless 
steel, and (2) the anode and cathode, which were made 

of titanium. All flange seals that formed closures for the 
basic cell (with the exception of the one on the ion 
pump) were made with stainless steel O-rings. These 
O-rings were formed from stainless steel tubing butt- 
welded to form the closed ring and then silver-plated.4 
O-ring groove bases and the other mating surfaces had 
an 8 to 16 AA finish. No problems were encountered in 
obtaining helium-leak-tight seals. The leak detector used 
had a sensitivity of 2 X l O - ' O  atm-cc/sec-division. The 
ion-pump seal used a crush copper gasket. Flange seals 
on the insulator envelope and the grid shield were made 
with Viton O-rings. 

The ion pumps used were ULTEK Model 20-092, 
with lOO-liter/sec pumping capacity. 

D. Materials Selection 

Titanium structural members and surfaces were used 
in regions of high radiation intensity and in areas where 
the fragments would be intercepted. The reasons for the 
choice of titanium were: 

1. High melting point, which would reduce the amount 
of sublimation if parts became overheated; 

2. Low density, which would result in minimum pro- 
duction of Compton electrons due to interaction 
with gamma rays; 

3. Very low activation cross section leading to beta 
decay, which would contribute to cell background 
current; 

4. Low secondary electron production per incident 
primary electron (Ref. 11); and 

5. Low number of sputtered atoms per incident high- 
energy impacting ion (Ref. 12). 

Aluminum was used for the basic structure of the cell 
because of its machinability and weldability. It also has 
the required low density and small activation cross sec- 
tion for beta decay. Its total neutron cross section is 
small, thus minimizing the thermal neutron flux per- 
turbation due to structural material. 

E. Field Coil Design 

The magnetic field for electron suppression was sup- 
plied by  a solenoid that surrounded the lower vacuum 
envelope, Fig. 6. The assembly consisted of four separate 
coils of two windings each, canned in a watertight con- 
tainer. Two of the coils were 36 in. long, and each of 

'Ry United Aircraft l'roducts, Inc., Dayton, Ohio. 
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Fig. 6. Magnetic field coil 

the other two WAS m'itlc. up of two 1-ft sections separated 
I)y a 1-ft void. This was done to produce ;i magnetic 
1)ottle that would enclosc~ the 'ictive region of the cell. 
The coils were cnclo~ed in ;I water jacket and were sepa- 
rated from each othcr b y  'I coolant passage. Teflon was 

used as the insulating material between windings and 
between the windings and the can. The remaining void 
space and the terminal box at the top of the assembly 
were filled with silicone oil. A surge tank was provided 
(Fig. 6) for expansion of the oil during operation. Each 
long coil was paired with one short set in series and 
the two resulting sets were connected in parallel. Re- 
sistance of the combination was 1.5 ohms at room tem- 
perature and 2.5 ohms at the maximum operating 
temperature. The power supply used with the field coil 
had a rated output of 140 amp at 350 v. A calibration 
of the centerline axial magnetic flux is shown in Fig. 7. 

BOTTOM TOP 
0 4 8 12 16 20 24 28 32 36 

POSITION, in 

1 1 

Fig. 7. Centerline axial magnetic flux 

The windings, the coil canning matcrial, and the cool- 
ing jacket of the field coil wcre made of 6061-T6 alumi- 
num, A primary loop heat exchanger was provided for 
cooling the field coil. Separation of the coolant streams 
was necessary to avoid any possible contamination of 
coolant that was to be dumped. 

The magnetron equation used to determine the maxi- 
mum potential capability of the cell a s  a function of 
magnetic field was the one in Ref. 13, modified b y  the 
inclusion of ;in initial elcctron kinetic energy term: 

+ 1)"2 
V -+ V, 2m,c'/e 

= 2 T r a (  300 )( V + V, 
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where 

N = the total number of maxwells between the 
cathodes and anode 

r, = radius of the anode, cm 

rc = radius of the cathode, cm 

V = potential between the cathode and anode, 
volts 

V, = initial kinetic energy of the electrons, volts 

moc2/e = rest mass energy of an electron, volts 

F. Monitoring Equipment 

Current output from the cell was measured with a 
Hewlett-Packard Model 425-AR Microvoltampmeter dur- 
ing the first series of tests, and, in addition, with a Cary 
Model 31 Vibrating Reed Electrometer during the sub- 
sequent tests. Voltage buildup was monitored by mea- 
suring the output current from the cell with various 
resistances in series with the anode circuit. The resistor 
stacks used (Fig. 8) had values of 1014, and 
loL5 ohms and were installed in load boxes that were 
maintained at a slight overpressure of sulphur hexafluo- 
ride (SF,). During these measurements the insulator 
envelope was also under a slight pressure of SF,. 

Open-circuit potentials could be measured with the 
generating voltmeter, Fig. 9. Although a generating volt- 
meter is considered a null instrument, the 3 X 10-l' amp 
drawn by this unit was not insignificant. The meter was 
completely enclosed, and the drive employed a magnetic 
coupling through an aluminum window. Driving speed 
of the voltmeter was either 360 or 450 rpm, the lower 
speed being used to minimize the current drawn by the 
instrument. Difficulties were encountered with the lower 
speed, but 450-rpm operation proved trouble-free. Null- 
point voltages were determined with a Hewlett-Packard 
Model 400-H AC Vacuum-Tube Voltmeter. 

G. Cell Evacuation 

Thc cell was rough-pumped through a ?h-in.-diameter 
aluminum tube in the top cover cap of the feed-through 
insulator, using a Welch Duo-Seal pump connected to 
the cell through a glass cold trap immersed in liquid 
nitrogen. After the cell was rough-pumped and the ion 
pump fired, the cell was isolated from the initial pump- 
down system by a cold-weld pinch-off of the aluminum 
tube in the top cover cap. The top cover cap and the 
tube stub were under the terminal dome of the feed- 
through insulator (Fig. 5) .  The assembled cell was baked 

f 
i 

Fig. 8. Resistor stacks for load resistance 
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Fig. 9. Generating voltmeter 

out at temperatures between 125 and 150°C, using eight 
250-w heat lamps. Thc cell was pumped for 2 weeks at 
the elevated temperature before being positioned in the 
reactor. Cell pressure prior to irradiation was between 
3 X lo-'' and 5 X lo-!' mm Hg. 

H. Reactor 

The cell w a s  irradiated in the General Electric Nuclear 
Test Reactor, Vallecitos, California. The reactor has an 
annular core, 18 in. in diameter by 1s in. long, in a 

graphite cube that is 5 ft on a side. The ccll was posi- 
tioned along one of the vertical graphite faces, in line 
with thc ccnterline of the core. The ion pump rcsted on 
;I 1-ft-thick concrete shield that covered the reactor ;IS- 
scmbly. Ihactor power level could be varied from 0.02 w 
to 30 kw. Thermnl neutron flux at tlic ccntcrline of the 
cell (with the cell in place) was 10"' n/cmg-sec at a rc- 
actor power level of 30 kw. The accompanying gamma 
dose rate was approximately 5 X 10' r/hr. Gamma dose 
rate at the feed-through insulator was 16 r/hr a t  a power 
level of 30 kw. 

IV. EXPERIMENTAL DATA FROM ORIGINAL CELL 

A. Short-circuit Current A positive current indicated ;I net flow of positive 
c11;irgc~s from the cathode to the anotk, m d  a negative 
currcnt indicated ;I net flow of electrons. At i\ rcwtor power levcll o f  30 h v ,  the short-circuit cur- 

amp; rcnt with no electron suppression w a s  - 1.5 X 10 ~- 

with magnetic-field suppressioii,it ~ I S  + 1.1 X IO-' amp. 
Ca1cul;itcd and cxpcrimcntal licltl current for complete 
turnnround of thc follow-out electrons wiis 9.4 :Imp. This 
corresponded to electrons with a maximum initial kinetic 
energy of 2300 ev. 

There were problems in determining the reactor power 
level for levels below 30 kw because of instrument limi- 
tations. At a nominal power level of 1 kw, during the 
initial stages of cell irradiation, the anode current was 

10 
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-7.75 X amp with no electron suppression 
and +2.18 X 10-lo amp with magnetic field. The maxi- 
mum current with -1250-v grid suppression was 
+1.6 X 10-lo amp. Anode current was maximized with 
grid potential at this value. Figures 10 and 11 are plots 
of the output current as a function of magnetic field 
strength and electrostatic grid potential. 

-1602 1 I I 1 I 
0 20 40 60 80 I O 0  120 

FIELD COIL CURRENT, amp 

Fig. 10. Short-circuit current as a function of magnetic 
field strength, original cell. Reactor at 30 kw 

The cell current without electron suppression de- 
creased with accumulated irradiation. This was appar- 
ently due both to vacuum cleanup of the anode and 
cathode surfaces and to accumulation of uranium on the 
anode. Current with magnetic field suppression re- 
mained constant within the reproducibility of reactor 
power level. 

Current readings both with and without electron sup- 
pression were positive immediately after subjecting the 

GRID POTENTIAL, - V  

Fig. 11. Short-circuit current as a function of electrostatic 
grid potential, original cell. Reactor at 30 kw 

cell to glow-discharging. This condition persisted up to 
several hours after the glow ended, probably because of 
static charge buildup on the corona rings of the feed- 
through insulator and the anode lead. The cell was 
glow-discharged periodically for vacuum cleanup of the 
electrode surfaces. Glow discharge was sustained by 
applying a potential to the anode with the magnetic 
field energized. Various combinations of magnetic field 
and anode potential were used. 

B. Leakage Current Tests 

A series of leakage current tests was performed with 
various voltages applied to the anode and with various 
magnetic fields. These tests were performed at a con- 
stant reactor power. Applied potentials were in the range 
of 25 to 45 kv. The leakage current with no magnetic 
field and with the grid grounded was higher than the 
measured short-circuit current of the cell. This condition 
probably resulted from amplification of the electron cur- 
rent through outgassing and ionization within the cell 
and from sweepout of electrons and ions in the insulator 
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envelope. As the magnetic field strength was increased, 
the leakage current would decrease and approach a 
minimum value. The approach to the minimum value 
would be interrupted when current in the range of 23 
to 25 amp was applied to the field coil independent of 
the applied potential. In this current range, the cell 
would start to break into glow discharge. It was possibIe 
to increase the magnetic field at a moderate rate through 
this region and avoid having a glow discharge condition. 
The leakage current would return to the minimal value 
at field currents above 25 amp. Minimum leakage cur- 
rent would be reached at a value of the field slightly 
less than that calculated for complete turnaround of the 
follow-out electrons. A slight increase in magnetic field 
at this condition would cause an increase in leakage cur- 
rent approximately three orders of magnitude over the 
short-circuit fragment current, Further increase in mag- 
netic field would result in glow discharge. Figure 12 is 
a plot of relative leakage current as a function of mag- 
netic field. 

For all tests of this type, the potential applied to the 
anode had to be greater than 23 kv; otherwise, the cell 
would break into glow discharge at magnetic fields well 
below the magiietron limit. 

The higher leakage currents from the cell were mea- 
sured on the 0- to 20-pamp meter of the power supply. 
The lower leakage currents were estimated by compar- 
ing voltage leak-off rates from the cell. The cell was 
precharged to the desired voltage, and the current 
through the 10'"-ohm resistor stack connected to the 
anode Iead was measured as a function of time. This was 
first done when the reactor was off and had been off for 
several days. These same measurements were then made 
with the reactor at power and with the desired magnetic 
field. A comparison of the leak-off rates under the two 
conditions gave an indication of the cell leakage current 
at reactor power conditions. 

C. Maximum Cell Potential 

The maximum potential generated by the first cell 
configuration was between 800 and 1000 v, as measured 
through the resistor stacks. The generating voltmeter 
indicated a potential of 880 v. These maximum poten- 
tials were achieved with 50 amp in the field coil. The 
electrostiitic grid was ineffective for producing a poten- 
tial buildup. 

25 TO 45 kv 

I NCREASES IO3 TIMES 
FRAGMENT CURRENT 

I- z 
W 

3 
0 
W 
(3 

Y 

a a 

a 

GLOW STARTED, BUT FIELD COULD BE 
INCREASED FAST ENOUGH TO GET THROUGH 

> INDEPENDENT OF APPLIED POTENTIAL 
(FIELD COIL CURRENT, 23 TO 25 amp) - 

RELATIVE MAGNETIC FIELD 

Fig. 12. Relative leakage current as a function of 
magnetic field, original cell 

The first cell configuration was irradiated for two sets 
of experiments. The first set was terminated when it was 
concluded that the interior cell parts had been damaged 
while the cell was glow-discharged for vacuum and sur- 
face cleanup. Several wires of the screen grid on the 
anode had crossed, and the honeycomb material was ex- 
posed to the electrostatic gradient between the electrodes 
when a potential was applied to the anode. Field emis- 
sion was noted at potentials above 8 kv. The second 
series of tests of this cell was performed after the repairs 
were made and the vacuum had recovered to the opera- 
tional value. 
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V. REVISED DESIGN CRITERIA 

I Results from the first two series of tests with the initial 
cell configuration indicated that the large quantity of 
free electrons in the space between the electrodes may 
have been responsible for voltage limitation of the cell. 
It appeared from the data taken with applied anode po- 
tential and magnetic field that electrons were the charge 
carriers responsible for the internal leakage current. 
Although there was considerable difference in the size 
of the fission-electric cell and the fission-electric cell 
capsules (Ref. 6), their leakage current and voltage 
buildup behavior was essentially the same. It was con- 
cluded that electron trajectories in the two different cell 
types were approximately the same. 

With magnetic field strengths sufficient to contain all 
or nearly all electrons, electron concentration in the 
interelectrode space may become quite large. The follow- 
out electrons accompanying the fission fragments con- 
stitute a very large source of electrons at the cathode 
surface. At magnetic field strengths equal to or larger 
than the magnetron limit of the anode potential, these 
electrons are returned to the cathode. Any energy loss 
process, such as an ionizing collision with a neutral atom, 

experienced by an electron would, however, keep the 
electron from returning to the cathode and it would 
eventually drift to the anode. An electron produced in 
the space between the electrodes through ionization 
would also eventually drift to the anode. The potential 
difference between the cathode and anode determines 
the region between the electrodes where the maximum 
number of ionizing collisions occurs. Maximum proba- 
bility for ionizing collisions between electrons and most 
neutral atoms occurs for electron energies around 100 ev 
(Ref. 14). This means that at any appreciable cell poten- 
tial the ionizing collisions would occur near the cathode. 
A large quantity of uncontrolled sputtered material is 
produced near the cathode by the emerging fragments. 
Ions produced in the region of a 100-v potential are 
capable of sputtering additional neutrals as they strike 
the cathode, thus increasing the material available for 
ionization. By this ionization process an internal shorting 
current could occur, and with applied anode potential it 
could develop into a glow discharge. The modified cell 
was designed to reduce the number of electrons accumu- 
lated between the electrodes and to reduce the average 
path-length of the electrons in order to avoid this 
occurrence. 

VI. MODIFIED CELL DESIGN 

In the modified cell (Fig. 13), the cathode surrounds 
the anode, and the fuel elements on the cathode are 
alternated with nonfueled rings that can be maintained 
at positive potentials with respect to the fuel elements. 
For a cell in which the cathode surrounds the anode, the 
path-length of the electrons originating at the cathode 
surface is considerably reduced in comparison with that 
in a cell that has the anode surrounding the cathode and 
has similar electrical characteristics at magnetron cutoff. 
The nonfueled elements act as sweep rings to remove 
those electrons from the inner space which have insuf- 
ficient energy to reach the cathode surface. Except for 

the cathode and anode assembly, the cell was the same 
as in the previous experiments (Fig. 4). A metal valve,5 
utilizing an indium seat, was used for cell isolation fol- 
lowing the rough pump-down and firing of the ion 
pump. This replaced the section that employed cold- 
weld pinch-off for isolation in the earlier experiments. 
Pump-down before firing the ion pump was done with a 
well-trapped oil-diffusion pump. Bake-out procedure was 
the same as that described above. 

‘Kane Engineering Laboratories, Palo Alto, California. 
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FEED-THROUGH 

ANODE (FRAGMENT COLLECTOR) 
(0002 in TITANIUM) 

FUEL ELEMENTS 

ENVELOPE  COLLIMATOR^ \SCREEN GRID u -+----lppA 
SWEEP RING 

STAND-OFF INSULATORS 
(ALUMINA) 

Fig. 13. Diagram of modified cell 

A. Cathode Design 
The cathode assembly was fitted into the cell vacuum 

envelope (Fig. 13). It consisted of the fragment colli- 
mators, the sweep rings and insulators, the fuel elements, 
the screen grid, the sight glass, and the feed-through 
insulator for the sweep rings. The collimators, sweep 
rings, fuel elements, and screen grid were supported on 
six titanium rods attached to a base flange. The base 
flange, which was aluminum (6061-T6), was welded to 
the vacuum envelope. The sight glass and feed-through 
insulator were welded into a stainless steel (304) flange 
bolted to the base flange; the seal was made with a 
silver-plated stainless steel O-ring. Both the feed-through 
insulator and the sight glass were bonded to Kovar 
metal, which was welded to the stainless steel flange. 
Overall length between the collimator extremes was 
26% in. 

Four individual fuel elements were used. Each had an 
inside diameter of 5.49 in., a thickness of 0.015 in., and 
a length of 1.50 in. The fuel-element rings were formed 
from titanium (Ti-75) sheet, closed by continuous spot 
welding.' The inner surface of the rings was zincated 
before plating with uranium dioxide. A %-in.-wide 
strip at either end of the ring and six %-in. strips corre- 
sponding to the positions of the support rods were de- 
void of uranium, to allow for handling the rings and for 
spot-welding them to the support rods. A total of 2.83 g 
of uranium dioxide was plated on the four fuel element 
rings, giving an average fuel element layer thickness of 
4.83 mg (UO,)/cm'. 

The sweep rings were made of the same material as 
the fuel elements and had the same inside diameter and 
wall thickness. The three rings that separated the fuel 

elements were each !4 in. wide, and the two rings that 
bounded the fueled region were each 2 in. wide. A h -  
mina insulators fitted into slots in the support rods held 
the sweep rings in place and insulated them from 
ground. The sweep ring lead was a titanium wire sleeved 
with a quartz tube for electrical insulation. The rings 
were tied together electrically with three such leads, but 
only one extended to and was connected with the feed- 
through insulator. These electrical leads also served as 
mechanical supports for the rings. The sweep rings were 
separated from the fuel elements and from adjoining 
rings by %-in. voids. A potential of 10 kv was applied 
to the sweep-ring assembly (in the absence of radiation) 
without electrical breakdown. 

The upper collimator of the assembly was designed to 
intercept fragments that would miss the anode and strike 
the vacuum envelope in a region of little or no magnetic 
field. It was a titanium spinning with an average wall 
thickness of 0.020 in. and a minimum inside diameter 
of 4.00 in. The lower collimator was present to help 
produce a zero potential cavity in the lower part of the 
cell. No fragments were to be intercepted by it during 
operation. It, too, was a titanium spinning with a mini- 
mum diameter of 3.00 in. and a thickness of 0.125 in. 

The region between the bounding sweep rings and the 
collimators was filled with aluminum (6061-T6) rings, 
with an inside diameter of 5.49 in. and a thickness of 
0.015 in. The purpose of these rings was to shield the 
support rods and to present a continuous electrode 
surface. 

Located between the lower collimator and the base 
flange was the screen grid. The purpose of this grid was 
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to complete the zero-potential cavity in the lower portion 
of the cell where fragments that missed the anode would 
be collected. Because of the finite length of the magnetic 
field coil, the secondary electrons produced by fragments 
collected in the lower portion of the cell would have 
large turnaround radii in the diminishing field. The zero- 
potential cavity would allow for a high probability of 
surface attachment of these electrons before they were 
influenced by the electrostatic field between the cathode 
and the anode. The grid was fabricated of 0.009-in.- 
diameter titanium wire on an aluminum support ring. 
Spacing between centerlines of the wires was 0.100 in. A 
center cross hair was established on the grid by angling 
wires from several directions. This cross hair, along with 
a center cross hair etched on the sight glass, was used 
for centering the anode. 

The main purpose of the sight glass was to ensure 
centering of the anode during assembly of the cell. It 
was also used to observe any anode movement during 
the application of high voltage before irradiation. There 
was no detectable anode movement with potentials up 
to 50 kv. The position of the cell and the radiation in- 
tensity precluded observation of the cell during irra- 
diation. 

6. Anode Design 

As in the original cell configuration, the anode was 
suspended from the feed-through insulator on a ring of 
six leveling screws. The thin-anode concept was retained 
in the design of this cell. The collector portion of the 
anode (Fig. 13) was fabricated of 0.002-in.-thick titanium 
sheet. The cylindrical section was closed by spot-welding 
an internal lip. The outside diameter of the collector por- 
tion of the anode was 3.90 in. Two aluminum discs, along 
with the two titanium adaptor rings at either end 
of the collector section, maintained its cylindrical shape. 
The assembly was held together by a 6-32 stainless steel 
threaded rod that extended between the adaptor rings 
through the center of the collector. The end bells were 
spot-welded to the adaptor rings. Overall length of the 
collector, including the end bells, was 21 in. The end 
bells were titanium spinnings 0.022 in. thick. All titanium 
used was Ti-75 or Ti-55. 

The interceptor (Fig. 13) was an aluminum disc posi- 
tioned on the anode lead above the cathode collimator. 
The purpose of the interceptor was to collect the frag- 
ments that had escaped interception by the anode col- 
lector and the cathode collimator. The interceptor had 
an outside diameter of 4.00 in. and a thickness of 0.75 in. 

VII. EXPERIMENTAL DATA FROM MODIFIED CELL 

A. Short-circuit Current Measurements 

The short-circuit currents measured as a function of 
magnetic field were somewhat different from those of 
the original cell configuration. The zero-field current was 
negative and the current became more negative as the 
field was increased. It reached a maximum negative 
value at 0.25 amp in the field coil and then became less 
negative and finally positive with increasing magnetic 
field (Fig. 14). The calculated field for complete turn- 
around of 2300-ev follow-out electrons for this cell was 
9.8 amp. The 2300-ev energy was the value observed in 
the previous experiments with the anode surrounding the 
cathode. However, complete turnaround was not ob- 

tained until the field-coil current was 20 amp (Fig. 14). 
This discrepancy was probably due to end effects that 
were not accounted for. 

The increasing negative value of output current with 
magnetic field was expected, since all the electrons pro- 
duced by the fragments at the anode were intercepted 
by the cathode, while not all electrons originating at the 
cathode would reach the anode. The turnaround capa- 
bility of the magnetic field would be greater for the elec- 
trons from the anode than for those from the cathode. 
Electron current from the anode would therefore be 
reduced at a more rapid rate and complete cutoff 
reached at a lower field. 
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FIELD CURRENT, amp 

Fig. 14. Short-circuit current as a function of magnetic 
field strength, modified cell 

Pressure in the cell vacuum envelope during this 
experiment, and also during succeeding experiments 
with irradiation, was in the range of 1 X to 
3 X mm Hg. 

B. Magnetic Field-Sweep Ring Combinations 

A series of tests was made to determine the combina- 
tion of applied anode potential, magnetic field strength, 
and sweep ring potentials that would result in a mini- 
mum anode leakage current under irradiation. The same 
value of minimum leakage current, 2.5 to 3.0 pamp, was 
obtained for several combinations of the variables. Opti- 
mum sweep-ring potentials were in the range of 2.25 
to 3.0 kv. With magnetic field, a glow discharge would 
develop from the rings with potentials above 3.0 kv, and 
the rings were ineffective at potentials below 2.0 kv. 

becoming dominant above 2 kv (Fig. 15). The leakage 
current in the lower voltage range is probably internal 
to the cell and becomes saturated in the range of 2 kv. 
Leakage current above 2 kv was probably external to the 
cell and was apparently due to ionization of the gas in 
the insulator envelope. 

D. Resistor Stack Data 

The resistor stacks were connected to the output dome 
of the cell by a 17-ft lead of RG/220 coaxial cable. Dur- 
ing the time that measurements were taken, the load box 
in which the resistor stacks were located and the insu- 
lator envelope that surrounded the anode feed-through 
were purged with SF,. Measurements with the resistor 
stacks indicated a potential buildup of only a few hun- 
dred volts with the sweep rings grounded. Maximum 
indicated potential buildup was 1.3 kv with 2.5 kv ap- 
plied to the sweep rings and with 40 amp in the field 
coil. All other combinations resulted in lower potential 
buildup. 
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C. Leakage Current With No Electron Suppression 

Anode leakagc current without electron suppression 
appeared to be caused by two separate mechanisms, one 
prevailing at applied potentials below 2 kv, and the other 

LEAKAGE CURRENT, p a  

Fig. 15. leakage current at zero magnetic field as a 
function of applied potential, modified cell. 

Reactor at 30 kw 
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During this series of tests, one leg of the field coil 
shorted to ground. This leg had to be removed from the 
circuit in order to proceed with the experiment. Removal 
of one of the legs of the coil did not change the axial 
magnetic field profile or the magnetic field strength with 
coil current. It did mean, however, that only one-half of 
the maximum current could be used, and thus one-half 
maximum field strength. The shorting of the coil was 
apparently caused by deterioration of the Teflon insula- 
tion of the windings by radiation damage. 

E. Generating-Voltmeter Data 

The generating voltmeter (Fig. 9) was positioned in 
the insulator envelope and looked at the output dome 
connected to the anode of the cell. The potential on the 
dome induced a potential on the pickup plates of 
the voltmeter. This induced an ac potential, because 
of the spinning vanes that alternately covered the pick- 
up plates. A balance potential was then applied to a 
plate on the opposite side of the pickup plates from the 
dome. The spinning vanes alternately exposed the pickup 
plates to the dome and then to the balance plate. The 
potential applied to the balance plate could thus be used 
to null the ac output of the voltmeter. Nulling potentials 
were determined for various applied potentials on the 
dome; the calibration curve is shown in Fig. 16. The in- 

sulator envelope was under vacuum during the time that 
measurements were taken with the generating voltmeter. 
Pressure was in the range of 3 X to 1 X 10-6 mm 
Hg during operation. 

The results of the open-circuit tests with the generat- 
ing voltmeter indicated that the cell could build up and 
maintain steady potentials with currents of 35 amp or 
less in the field coil. Potentials as large as 3.8 kv were 
achieved. With fields above 35 amp, cell operation was 
unsteady. The cell voltage repeatedly rose to a peak 
value, then fell to zero with the onset of a discharge. 
The recovery voltage following each discharge was 
4000 & 400 v, and was held for a period of a few sec- 
onds. From this level, the voltage again rose to its peak 
value and was almost immediately discharged once more. 
The value of the peak potentials reached in these cycles 
increased with increasing magnetic field. Maximum re- 
producible peak voltage at the 60-amp maximum field 
coil current was 13.5 kv. A maximum peak of 21 kv was 
once developed with 60 amp in the field; however, it 
was not reproducible. The potential on the sweep rings 
for these tests was 2.5 -+ 0.25 kv. Figure 17 is a plot of 
the experimental data along with a series of magnetron 

I I / I  I I 1 

INPUT TO BALANCE PLATE, v ac 

Fig. 16. Calibration curve for generating voltmeter 

,&MAGNETRON FOR ELECTRONS WlTH 
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KINETIC ENERGY 

lo3 
IO I 2 4 6 8 IO2 2 4 6  
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Fig. 17. Open-circuit potential as a function of magnetic 
field current, modified cell 
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limit curves for comparison. Maximum potential with no 
sweep ring voltage was in the range of 800 to 1000 v. 

Reactor power level for this series of tests was 3 kw. 
At high power levels, the cell vacuum degraded under 
the large radiation fields, and results became erratic. At 
reactor power levels below 3 kw, the cell generated in- 
sufficient current to provide useful data. 

During periods of cyclic charging and discharging of 
the cell, a slight increase in the ion-pump current accom- 
panied each discharge. Eventually the vacuum degraded 
to a level at which voltage cycling stopped, and cell 
voltage stayed at the plateau value of 4000 t 400 v. The 
vacuum would then improve and the cell would begin 
another cycle. The period between voltage peaks was 
from 5 to 10 sec. 

The 21-kv peak noted above was the first after the cell 
had pumped for 3 days with no irradiation. The first 
several peaks determined after reactor start-up were 
21 kv; however, the voltage peaks gradually decreased 
with cycling and then stabilized at the 13.5-kv value. 
Cell vacuum was gradually degrading during this period, 
and it too stabilized at the usual operating range of 
3 X mm Hg. 

The magnetron equations used to determine the volt- 
age capability of this cell configuration were determined 
by solving the differential equations of motion for plane 
geometry in Ref. 15. For the purpose of calculation, it 

was assumed that the cell could be approximated by the 
plane geometry case. With the assumption of no initial 
electron kinetic energy, and with the relativistic correc- 
tion, the magnetron equation is: 

where 

B = magnetic flux 

S = distance between electrodes ( rc - r,) 

m,/e = mass-to-charge ratio of an electron 

m,,c2/e = rest-mass energy-tmharge ratio of an elec- 
tron 

V = potential between electrodes 

With the assumption of an initial radial kinetic energy, 
the magnetron equation is: 

1 + (1 + p Z ) l ’ Z  

P 
a =  

where 

a = S d u ;  and p = Bu; S/V 

vi = initial radial velocity of the electron 

w = B/m,/e 

These equations are plotted in Fig. 17. An initial elec- 
tron kinetic energy of 2300 cv was assumed. 

VIII. DISCUSSION 

It is possible to generate large electrical potentials 
using fission fragments. Magnetic field limitation of the 
present experimental apparatus limited the voltage of 
the cell to a small fraction of the voltage that the con- 
figuration appears capable of attaining. Although the 
potentiids attained at the magnetic field strengths used 
were lower than the calculated magnetron-limit values, 
the experimental points follow a curve parallel to the 
calculated curves. This indicates that increased magnetic 
field would have resulted in increased cell voltage. The 
displacement of the experimental curve from the theo- 
retical is believed duc to uncontrolled end-effects. 

During cell disassembly, uranium dioxide was found 
on the lower collimating ring of the cathode. It was 
also noted that there had been a high radiation level in 
this region, suggesting that the uranium was there dur- 
ing the irradiation period. Fragments generated in this 
region would produce electrons on which the magnetic 
field would have little effect, especially with an acceler- 
ating potential between the cathode and anode. In addi- 
tion, fragment activity was found on the cell vacuum 
envelope above the anode interceptor. These fragments 
would also produce uncontrolled secondary electrons. 
The generation and collection of fission fragments in 
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regions of diminishing magnetic field would account for 
the increased field coil current required for complete 
electron turnaround under short-circuit conditions over 
that calculated, and would also explain the shift in the 
apparent magnetron cutoff potential of the cell under 
operating conditions. 

The charging of the cell was cyclic, rather than steady 
as originally expected. This behavior could possibly be 
explained by examining the cell operation once the mag- 
netron limit was reached. There were probably sufficient 
electrons in the space between the electrodes to consti- 
tute a space charge and to affect the potential gradient 
between the electrodes at potentials below magnetron 
cutoff. Once the electrode potential reached the magne- 
tron limit and electrons started drifting to the anode, the 
potential gradient between the cathode and anode was 
altered so that confinement of the electrons was inter- 
rupted sufficiently to cause complete or at least partial 
discharge of the cell. This cyclic charging of the cell 
could probably have been overcome by matching an ex- 
ternal load to the cell that would have limited the cell 
voltage to a value slightly below the peak value. In this 
way steady-state operation might have been attained and 
energy extracted from the cell. However, no provision 
was made for this type of cell operation. 

It appears likely that the drift of electrons is the cause 
of the internal leakage current of a fission-electric cell 
device. Ideally, electrons that have originated at the cath- 
ode should, in the presence of a suitable magnetic field, 
be returned to the cathode. Any energy loss interaction 
that an electron may experience between the electrodes, 

however, will keep the electron from returning to the 
cathode. After losing energy, the electron will assume a 
new trajectory, and its closest approach to the cathode 
will depend on the amount of energy lost. In addition, 
it will approach closer to the anode and may even reach 
the anode. A most probable mechanism of energy loss is 
by ionizing collisions with the large number of neutral 
atoms muttered by fission fragments. Electrons born as a 
result of any ionizing collisions will eventually drift to the 
anode since they cannot reach the cathode. The ions can 
produce additional sputtered material as they are accel- 
erated into the cathode surface. The maximum proba- 
bility for an ionizing collision with most atoms occurs at 
electron energies in a broad range around 100 ev. This 
mcans that ionizations probably occur primarily near the 
cathode where there is a high concentration of sputtered 
material. 

Potentials required on sweep rings to ensure sufficient 
electron removal should be low compared with potentials 
that could be developed in a cell. Over the range of volt- 
ages developed in the cell, the required sweep potential 
was constant. This effect may be true for considerably 
higher cell voltages. As the voltage between the elec- 
trodes increases, the spatial volume where the ionization 
probability is large decreases. Thus, with increasing cell 
potential, the probability of an electron experiencing an 
ionizing collision decreases. Whether sweep rings could 
be eliminated at very large cell potentials is not known 
at this stage of experimentation; however, it can be as- 
sumed that the power requirements of such rings would 
be only a small fraction of the total cell output. Other 
means of electron removal may also be possible. 

IX. CONCLUSIONS 

The experiment has demonstrated the fission-electric 
cell concept and has indicated areas that must be pursued 
for the realization of a working device for the direct pro- 
duction of electrical energy from fission. The problem 
areas can be summarized as: 

and magnetic fields, including effects of electrode 
geometries and sweep rings, as well as end effects; 

3. Sputtering of material from electrodes by the high- 
energy fission fragments; and, 

Of high voltages, with particular emphasis 4. Fuel element material, including ,,hemica] form and 
treatment of the electrode surface before and after on insulators in radiation fields; 

._ 

2. Electron and ion behavior in crossed electrostatic deposition. 
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